ABSTRACT The effects of male-derived extracts on female receptivity to remating were investigated in Trigonotylus caelestialium (Kirkaldy) (Heteroptera: Miridae). The aqueous extracts of male reproductive tracts were observed to reduce receptivity both at 3 h and at 1 d after injection into the abdomens of females. Next, ultraÞltration was used to divide the aqueous extracts of the male reproductive tracts into three molecular-weight (MW) fractions: Ͻ3.5 kDa, 3.5Ð14 kDa, and Ͼ14 kDa. The Þltrate containing the MW substances Ͻ3.5 kDa reduced female receptivity 3 h after injection, whereas the fraction containing MW substances Ͼ14 kDa inhibited receptivity at 1 and 2 d after injection. Finally, the male reproductive tract organs were divided into the accessory glands, testes, and the remaining reproductive organs, including the seminal vesicles. Aqueous extracts of the accessory glands reduced the receptivity of females both at 3 h and 2 d after injection, whereas those of the testes decreased the receptivity of females at 3 h after injection. Together, the results indicate that more than one mechanism may be involved in the effects of male-derived substances on female receptivity in T. caelestialium. The Þndings suggest that low-MW male-derived substances in the accessory glands and testes cause short-term inhibition and that the high-MW substances in the accessory gland inhibit female mating at a later period.
Females of many insect species mate multiple times over their lifetime (Thornhill and Alcock 1983 , Ridley 1988 , Arnqvist and Nilsson 2000 . For females, mating with a male comes with some cost to Þtness because of the damage induced by the male genital tract (Crudgington and Siva-Jothy 2000, Rö nn et al. 2007 ), the toxic substances in the male ejaculate (Chapman et al. 1995) , and the sexual harassment by males (Thornhill and Alcock 1983, Gay et al. 2009 ). However, by mating with multiple males, females can obtain direct beneÞts, such as increases in longevity and fecundity because of the nutrients acquired from the male seminal ßuids (Gwynne 2008) , and can receive the indirect beneÞts of avoiding inbreeding depression and genetic incompatibilityÑthat is, multiple mating can potentially lead to increases in offspring variability and genetic diversity (Jennions and Petrie 2000) . However, for males, the result of female multiple mating is sperm competition with other males (Parker 1970) . Thus, to secure their paternity, males attempt to prevent the female from remating with other males (Simmons 2001) .
In some species, a mating typically reduces female receptivity to subsequent mating (Chen 1984 , Eberhard 1996 , Chapman et al. 1998 ). This reduction in female receptivity is reported to be because of several mechanisms, including physical stimulation (penis insertion by the male and mechanical pressure on stretch receptors in the female bursa), mating plugs, spermatophores, the presence of sperm in the female spermatheca, and secretions of the male accessory gland transferred to the females during mating (Eberhard 1996 , Chapman et al. 1998 , Simmons 2001 , Wedell 2005 , Avila et al. 2011 .
The substances that reduce female receptivity are synthesized in various parts of the male reproductive system, including the testes, ejaculatory duct, and accessory gland. Moreover, considerable variation is observed in these inhibitory compounds, which include peptides, proteins, or both; lipids; amino acids; and amines among different insect species (Gillott 1988 (Gillott , 2003 Kingan et al. 1993 Kingan et al. , 1995 Yamane et al. 2008a,b) . In some cases, female receptivity is reduced by Ͼ2 types of male-derived substances, such as male accessory gland peptides, proteins, or both (Acps) in the case of Drosophila species (Chen et al. 1988; Aigaki et al. 1991; Ohashi et al. 1991; Schmidt et al. 1993; Wolfner 1997 Wolfner , 2002 Chapman et al. 2003; Kubli 2003; Chapman and Davies 2004; Ravi Ram and Wolfner 2007) .
A reduction in female receptivity after mating has been observed in various Heteroptera, such as Orius laevigatus (Fieber) (Heteroptera: Anthocoridae) (Leon-Beck and Coll 2009) and Stenotus rubrovittatus (Matsumura) (Okutani-Akamatsu et al. 2009 ). Furthermore, the injection of the homogenate of male spermatophores has been shown to reduce female receptivity in Lygus hesperus Knight (Brent 2010) . In addition, extracts from the male reproductive tract (the accessory gland) show the same effect in Togo hemipterus (Scott) (Heteroptera: Lygaeidae) (Himuro and Fujisaki 2008) . These studies provide insight into changes in mating behavior after mating and reveal the existence of male-derived substances that inßuence female mating behavior. However, few studies provide information indicating the properties, such as the molecular weight (MW), of these male-derived substances in Heteroptera. Thus, providing information on these properties will lead to further analyses of these compounds and their variation and similarity among Heteroptera and other species.
Trigonotylus caelestialium (Heteroptera: Miridae) is a major pest of rice (Oryza sativa L.) in Japan (Ishimoto 2004) . Understanding the reproductive biology of this insect pest will elucidate the key factors of its population dynamics and thereby enable the improvement of crop protection methods. Female behavioral changes after mating are one of the factors that determine the degree of remating and multiple mating. In a previous study, females that mated with a virgin male were observed to wait a longer period until remating than females that mated with a male that had just mated with another female or a virgin female. Thus, a delay in subsequent mating (i.e., a reduction in female receptivity) is observed upon mating, and the male ejaculate seems to cause the reduction in female receptivity (Yamane et al. 2011 ). In the current study, I determined the effects of the substances derived from the male genital tract on female receptivity by injecting these substances into the abdomens of virgin females. A key advantage of performing injections was that this method removed the effect of physical stimulation and the sperm trans- 
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YAMANE: MALE RECEPTIVITY-INHIBITING SUBSTANCES IN LEAF BUGferred to females in mating. To accomplish the study aim, the effects of the whole extracts of the male reproductive tract Þrst were examined to test for the presence of such substances. Next, three fractions with different MWs were tested to obtain information about these substances. Finally, extracts from different parts of the male reproductive tract were examined to reveal where the substances potentially were located. These experiments were undertaken as the Þrst step of an in-depth molecular analysis of the compounds affecting mating receptivity in females.
Materials and Methods
Insects. T. caelestialium were captured from the experimental Þelds of Hokuriku Research Center (37Њ 06Ј N, 136Њ 16Ј E in Japan) in July of 2002. The insects were maintained according to the method of Higuchi and Takahashi (2000) in a chamber maintained at 25 Ϯ 1ЊC with a photoperiod of 16:8 (L:D) h. For obtaining virgin adults of both sexes, an individual nymph at the fourth or Þnal instar was placed in a glass tube (17.0 cm in height, 2.0 cm in diameter) that was covered with a nylon mesh and that contained two or three seedlings of wheat (Triticum aestivum L.).
Effects of Extracts From the Whole Reproductive Tract and the Thorax on Female Receptivity. At 2Ð 4 d after emergence, adult virgin males were dissected on an agarose medium under a binocular microscope (SZ60, Olympus, Tokyo, Japan). Males of these ages can induce a reduction in female receptivity (Yamane et al. 2011) ; thus, these males have fully functional reproductive organs on the whole. The reproductive tracts, including the accessory gland, testes, and the other reproductive organs, including the seminal vesicles and ejaculatory ducts ( Fig. 1 ), were removed with forceps. Each thorax was removed from the head, abdomen, and legs. The excised reproductive tracts and thoraxes were stored in Eppendorf tubes (Eppendorf, Hamburg, Germany) (1.5 ml) at Ϫ80ЊC in a freezer (MDF-U281ATR, Sanyo, Tokyo, Japan).
Aqueous extracts of the male reproductive tract or thorax were prepared as follows: The frozen reproductive tracts or thoraxes were homogenized with a glass rod and then Ϸ250 tracts or thoraxes were sonicated for 30 Ð 45 s in 500 l of Milli-Q water (Millipore Corporation, Billerica, MA) in a 15-ml glass test tube by using a sonicator (BRANSONIC 52, Yamato ScientiÞc, Tokyo, Japan). After centrifugation (12,000 rpm) at 4ЊC for 10 min (MX-300, TOMY, Tokyo, Japan), the resulting supernatants carefully were removed. The pellets were extracted twice with 250 l of Milli-Q water, and the supernatants were pooled and lyophilized (UT-1000, Eyela, Tokyo, Japan). The aqueous extracts were dried subsequently and stored at Ϫ80ЊC.
At 4 Ð5 d after emergence (the mating frequency of virgin females at this stage is sufÞciently high for experimentation, as reported by Takahashi and Higuchi [2006] and Yamane et al. [2011] ), virgin females were chilled on ice for a few minutes and Þxed on an agarose medium by using Þne forceps. The dried samples from the male reproductive tract (Ϸ6 mg) or thorax (Ϸ30 mg) were dissolved in Milli-Q water at a concentration of Ϸ0.3 mg/l (male reproductive tract: 20 l, thorax: 100 l), and 0.05 l of each solution (the amount for 0.5Ð 0.6 males) was injected into the dorsal wall of the abdomen under the wings by using a glass capillary that was as thin as possible and that was connected to an oil pressure injection machine (Nanoject Auto-Nanoliter Injector, Drummond ScientiÞc Company, Broomall, PA). The same amount of Milli-Q water (0.05 l) was injected as a control. The injections were conducted in a laboratory maintained at 25ЊC. Females were transferred to a plastic petri dish (1.8 cm in height, 9.0 cm in diameter) with two seeds of T. aestivum per female and two to three pieces of Þlter paper soaked in distilled water, and kept in the chamber described above. Afterwards at 3Ð 4 h and 1d after the injection, a female and virgin male at 2Ð 4 d of age were placed in a glass tube, and were monitored for 2.5 h for the occurrence of mating. Mated pairs were not observed subsequent to mating. Female receptivity was operationally deÞned as the percentage of the total number of matings to the total number of pairs observed for a particular treatment.
Preparation of Three Fractions by Ultrafiltration. To determine the approximate MW of the substances inhibiting mating, the aqueous extracts of male reproductive tracts were divided by ultraÞltration into three fractions based on their MW: 1) Ͻ3.5 kDa, 2) 3.5Ð14 kDa, and 3) Ͼ14 kDa. Whole male reproductive tracts were homogenized in a small amount of distilled water (500 tracts in 5 ml), as described above, and the aqueous extract was dialyzed twice against distilled water (1,000 ml) at 4ЊC by using dialysis bags. The bags after the Þrst round of dialysis retained compounds roughly Ͼ3.5 kDa (Cellu Sep T1, Orange ScientiÞc, BrainelЈAlleud, Belgium), and the bags after the second round retained compounds roughly Ͼ14 kDa (seamless cellulose tubing 16/32, Viskase Sales Corp., Darien, IL). The residues from the second dialysate were lyophilized and maintained at Ϫ80ЊC as the high-MW fraction (fraction 3). The external solutions of both the Þrst and second dialysis were concentrated in vacuo by using a rotary evaporator (N-1000, Eyela, Tokyo, Japan) and lyophilized. The Þrst fraction contained low-MW compounds (Ͻ3.5 kDa, fraction 1), and the second one contained medium MW compounds (3Ð14 kDa, fraction 2). Fractions 1, 2, and 3 were dissolved in Milli-Q water at a concentration of 0.1 mg/l, and 0.05 l of each solution (the amount for 0.8 Ð1 males) was injected into females. The same amount of Milli-Q water was injected as a control. Virgin females at 4 Ð 6 d after emergence were used. Females were transferred to a plastic petri dish with two seeds of T. aestivum per female and 2Ð3 pieces of Þlter paper soaked in distilled water, and kept in the chamber. The injected female and a virgin male at 2Ð 4 d of age were placed in the glass tube, and mating was observed for 2.5 h at 3 h, 1 d, and 2 d after injection. More than half of the females injected with Milli-Q water were dead at 3 d after injection. Hence, we observed mating behavior until 2 d after injection.
Effects of Extracts
From the Accessory Gland, Testes, and Other Reproductive Organs on Female Receptivity. At 2Ð 4 d after emergence, adult virgin males were dissected on an agarose medium under a binocular microscope, and the accessory gland, testes, and the other reproductive organs, including the seminal vesicle and ejaculatory duct, were removed with forceps. Approximately 100 of each organ were dissected out and kept in an Eppendorf tube (1.5 ml) at Ϫ80ЊC. The frozen organs in each tube were extracted with 1.0 ml of Milli-Q water by the same method of extraction used for the whole reproductive tracts. Each extract was dissolved in Milli-Q water at a concentration of 0.05 mg/l, and 0.05 l of each solution (the amount for 0.5Ð 0.7 males) was injected into females. The same amount of Milli-Q water was injected as a control. Virgin females at 4 Ð 6 d after emergence were used. Females were transferred to a plastic petri dish with two seeds of T. aestivum per female and 2Ð3 pieces of Þlter paper soaked in distilled water, and kept in the chamber. The injected female and a virgin male at 2Ð 4 d of age were placed in the glass tube, and mating was observed for 2.5 h at 3 h and 2 d after injection. For each test, separate controls were run.
Statistical Analysis. For comparing female mating receptivity between two treatments, a generalized linear model (GLIM) with binomial errors was used. In this model, the following numbers were assigned according to whether a female mated: 0, did not mate; and 1, mated. JMP version 7.0.1 (SAS Institute 2007) was used for the GLIM. For comparisons among Ͼ3 treatments, Benjamini and Hochberg (BH) methods with a false discovery rate (Benjamini and Hochberg 1995) were applied at the 5% signiÞcance level when signiÞcant effects were detected among treatments by the GLIM with binomial errors.
Results

Effects of Extract Solutions.
A signiÞcant difference was found among the three treatments in terms of their effects on female receptivity both at 3Ð 4 h (likelihood ratio 2 ϭ 8.050, P ϭ 0.0179) and 1 d (likelihood ratio 2 ϭ 10.015, P ϭ 0.0067) after injection. An aqueous extract of the male reproductive tract significantly reduced female receptivity to mating relative to the control and to aqueous extracts of the male thorax at the 5% signiÞcance level; however, no signiÞcant difference in receptivity was found between injections of Milli-Q water and aqueous extracts of the male thorax both at 3Ð 4 h and 1 d after injection (Fig. 2) .
Effects of Three Fractions by Ultrafiltration. The females injected with the low-MW fraction (fraction 1) showed signiÞcantly reduced receptivity compared with control females at 3 h (likelihood ratio 2 ϭ 4.918, P ϭ 0.0266), whereas no difference was found between the two groups at 1 d (likelihood ratio 2 ϭ 2.427, P ϭ 0.1193) and 2 d (likelihood ratio 2 ϭ 0.242, P ϭ 0.6229) after injection (Table 1) .
There was no difference between fraction 2 and Milli-Q water at 3 h (likelihood ratio 2 ϭ 0.095, P ϭ 0.7579), 1 d (likelihood ratio 2 ϭ 0.232, P ϭ 0.6299), and 2 d (likelihood ratio 2 ϭ 0.033, P ϭ 0.8554) after injection (Table 1) .
There was no signiÞcant difference in receptivity between females injected with the high-MW compound fraction (fraction 3) and controls at 3 h (likelihood ratio 2 ϭ 2.045, P ϭ 0.1527), but the females injected with fraction 3 showed signiÞcantly reduced receptivity compared with controls at 1 d (likelihood ratio 2 ϭ 5.106, P ϭ 0.0238) and 2 d (likelihood ratio 2 ϭ 6.157, P ϭ 0.0131) after injection ( Table 1) .
Effects of the Accessory Gland, Testes, and the Other Reproductive Organs. Fig. 3 shows the mating receptivity of females injected with aqueous extracts from each male reproductive tract organ (accessory gland, testes, and the other reproductive organs, including the seminal vesicle and ejaculatory duct) at 3 h and 2 d after injection. A signiÞcant difference was found among the four treatments in terms of the effects on female receptivity at 3 h (likelihood ratio 2 ϭ 11.761, P ϭ 0.0082) and 2 d (likelihood ratio 2 ϭ 16.045, P ϭ 0.0011). The aqueous extract of the accessory gland and the aqueous extract of the testes signiÞcantly reduced female receptivity compared with Fig. 2 . Receptivity of females injected with aqueous extracts from whole male reproductive tracts or male thoraxes or Milli-Q water as the control at 3 h and 1d after injection. The same letters on each bar indicate no signiÞcant difference by the BH methods with false discovery rate (Benjamini and Hochberg 1995) at a 5% signiÞcance level after the GLIM with binomial errors. The numbers below bars indicates sample size. Table 1 . Receptivity of females injected with filtrate 1 (fraction 1), filtrate 2 (fraction 2), and residues of dialysis (fraction 3) at 3 h, 1, and 2 d after injection; Milli-Q water was injected as the control the control (Milli-Q water), whereas no differences in receptivity were found between females injected with the three different extracts at 3 h after injection. However, aqueous extracts of the accessory gland signiÞ-cantly reduced female receptivity compared with the control and to extracts of the testes and the other organs at 2 d after injection. Moreover, there were no signiÞcant differences in the effects on female receptivity between the extracts of the testes and the other organs and the control at 2 d after injection.
Discussion
Injection of extracts from the male reproductive tract reduced female mating receptivity in Trigonotylus caelestialium, whereas injection of aqueous extracts of the male thorax did not reduce female mating receptivity (Fig. 2) . These results showed that substances that reduce female receptivity exist in the male reproductive tracts. Furthermore, more than one mechanism seems to be involved in the effects of the male-derived substances on female receptivity. The low-MW substance (fraction 1, Ͻ3.5 kDa) reduced female receptivity at 3 h after injection (Table  1) . This substance is possibly present in the accessory gland and testes because the aqueous extracts from those organs reduced receptivity at 3 h after injection (Fig. 3) . Based on the predicted MW, this substance does not appear likely to be a peptide, protein, or both, but another type of molecule. The other compound with an activity in reducing female receptivity may be of an MW Ͼ14 kDa and was contained in the residue of the dialysis of the whole male reproductive tract (fraction 3). This substance reduced receptivity from 1 to 2 d after injection (Table 1) . Because an aqueous extract of the accessory gland reduced female receptivity at 2 d after injection (Fig. 3) , this high-MW substance also possibly exists in the accessory gland. Based on the predicted MW, it may be a peptide, protein, or both. The male ejaculate has been found to likely cause a reduction in female receptivity after mating (Yamane et al. 2011) . Thus, the experimental Þndings suggest that these substances may be involved in the reduction of female receptivity after mating in T. caelestialium. Actually, females that mated with a recently mated male exhibited a weaker reduction in mating receptivity than females that mated with a virgin male (Yamane et al. 2011) , and the ejaculatory expenditure, measured by comparing the weight of the males before and after mating with a female, of recently-mated males was less than that of virgin males (Yamane 2013) . So, females suggest to receive ejaculate that contains sperm from males at mating and, sperm transferred to the female also may cause a reduction in female receptivity.
In Drosophila melanogaster Meigen, the male accessory gland ßuids have been shown to cause the initial decrease in receptivity (Hihara 1981) . Chen et al. (1988) and Aigaki et al. (1991) later showed that a single accessory gland peptide, Acp70A (SP: sex peptide), is able to induce rejection for 1Ð7 h when introduced into female ßies. Moreover, Kalb et al. (1993) showed that main-cell secretions alone are essential for the short-term inhibition of remating. Ejaculate substances other than sex peptides that can inhibit female receptivity exist because females mated to SP-lacking males have a short refractory period (Chapman et al. 2003, Liu and Kubli 2003) . The longterm inhibition of receptivity is dependent on sperm because sex-peptide binds to sperm and is gradually released (Peng et al. 2005) . By using ribonucleic acid interference to knock down levels of individual Acps, Ravi Ram and Wolfner (2007) found that CG1652/ CG1656, CG17575, and CG9997 are required for the sustained reduction in receptivity to remating in mated females. In addition, two substances in the male accessory gland (SP and ovulation stimulating substances) reduce female receptivity in D. suzukii Matsumura (Ohashi et al. 1991 , Schmidt et al. 1993 . Himuro and Fujisaki (2008) showed that injection of extracts from the male accessory gland reduced female receptivity and that the activity of the male substances was lost after heating, suggesting the involvement of a protein in T. hemipterus. A common- Fig. 3 . Receptivity of females injected with Milli-Q water as the control or aqueous extracts of the accessory glands, testes, or other organs, including the seminal vesicle and ejaculatory duct at 3 h and 2d after injection. The same letters on each bar indicate no signiÞcant difference by BH methods with false discovery rate (Benjamini and Hochberg 1995) at a 5% signiÞcance level after the GLIM with binomial errors in each time. The numbers below bars indicates sample size. ality in the reduction of female receptivity in T. caelestialium and T. hemipterus is the likely involvement of a peptide, protein, or both, of the male accessory gland. Thus, the male seminal substances in the accessory gland that are thought to be peptides, proteins, or both, may be common among Heteroptera species or other species. Hence, detailed analyses of the molecular structures that reveal the similarity and variation in these substances will be interesting from the viewpoint of the evolution of male substances among Heteroptera species or other species.
T. caelestialium females reduce their receptivity after mating, and this behavioral change begins within 3 h from mating (Yamane et al. 2011 ). In addition, mated females reduce their attractiveness to males compared with virgin females within 1 d after mating (Fukuyama et al. 2007 ). Substances of the male accessory gland or duplex cause pheromone production to stop, and substances of the male reproductive tract other than the male accessory gland or duplex stop calling behavior and receptivity to additional mating in Helicoverpa zea Boddie (Kingan et al. 1993 (Kingan et al. , 1995 . Moreover, males transmit the hydrocarbons cis-vaccenyl acetate (cVA) and 3-O-acetyl-1,3-dihydroxyoctacosa-11,19-diene (CH503) to females in their ejaculate during copulation, and these substances lead to a reduction in the motivation for courtship by other males in D. melanogaster Meigen (Ejima et al. 2007 , Yew et al. 2009 ). Moreover, myristyl acetate in the spermatophytes, which is synthesized in the male accessory gland, is transferred to females, and it appears to reduce male attraction to females during mating in L. hesperus (Brent and Byers 2011) . Therefore, the reduced receptivity of females after mating may be partly because of the antiaphrodisiac effect of male substances in T. caelestialium.
T. caelestialium females reduce their receptivity after mating, but some of them remate within several days (Yamane et al. 2011) . Hence, the male attempt to inhibit female remating is incomplete, and the obvious reasons why T. caelestialium females remate have not been found yet. In this study, it is suggested the male substances are transferred to the female and reduce female mating receptivity. These Þndings will serve as useful tools to explain female remating. Therefore, studies that determine not only the molecular structures of substances inhibiting female receptivity but that show the costs or beneÞts of multiple mating will contribute to an understanding of their reproductive biology in T. caelestialium and other Heteroptera species.
